We present a simple technique to obtain modulation-free locking signals at the detuned frequency from an atom transition between hyperfine structures. Polarization spectroscopy allows us to obtain the dispersion signals that are suitable for frequency locking. Velocity selective optical pumping using another laser beam also allows us to obtain signals at the detuned frequency and to shift crossover signal away. By combining these two techniques, we were able to obtain the velocity selective birefringence signal only at the principle transition in an Rb vapor cell and compare the birefringence signal with the theoretical spectrum predicted by using Nakayama's model.
Introduction
Long-term stabilization of a laser frequency is an essential part for many applications in atom, molecular, and optical physics. Error signal for frequency stabilization is typically achieved by using dispersion or dispersion-like spectra because these spectra are zero-crossing at the atom transition frequency and have opposite charge on either side of the frequency fluctuation. The most popular way to obtain the dispersion signal is through phase-sensitive detection with frequency modulation spectroscopy [1, 2] , by which the first derivative of absorption profiles can be obtained. However, the frequency bandwidth of the locked laser could be limited by both the modulation ranges in frequency and the time constant of a lock-in phase-sensitive detector. Techniques which are based on both birefringence and dichroism are alternatively used for modulation-free frequency stabilization. Birefringence of medium employs a dispersion signal by polarization spectroscopy [3] [4] [5] . Dichroism based on transition among the sub-Zeeman levels is used to obtain the dispersion-like signal [6] [7] [8] [9] . These two techniques allow us to lock a laser frequency without frequency modulation on the atom transition.
Detuned laser beams are useful in some cases although the resonant beam on atom transition strongly interacts with atoms. For example, laser cooling [10] and polarization gradient cooling [11, 12] are performed in red-detuning of few tens megahertz. Stimulated Raman transition using few hundreds or thousands megahertz detuned beams to make atom interferometer is a representative method for reducing decoherent effects caused by spontaneous emission [13, 14] . Also, a very far detuned laser beam is useful to generate appropriate potential for optical trap of neutral atoms or molecules [15, 16] . In most cases, acoustooptic or electrooptic modulators are used for a certain detuning. These modulators can also generate error signals that decline the accuracy of measurement. Recently, Duan et al. [17] reported the novel method to obtain a saturated absorption spectrum at high sensitivity with displaced crossovers. This idea is very good because effects by crossover signals can be removed when accurate atom transition frequency is measured.
In this paper, we demonstrate a simple method to obtain birefringence signal at detuned frequency from resonance without any modulator. We adopted polarization spectroscopy to obtain the birefringence signal by measuring the rotation of the probe beam's polarization due to the pumping beam in an Rb vapor cell and the spectra are compared to the Nakayama's theory based on low laser intensity [18] [19] [20] . Furthermore, we can eliminate effect of crossover signals by using frequency stabilized pumping that oppositely propagate to probe beam and generate velocity selective signals. These birefringence signals with displaced crossovers could be good for locking the probe laser frequency.
Nakayama Theory for Velocity Selective Birefringence Model
Nakayama considered the population change of each magnetic sublevel by considering the absorption and emission of light in a single cycle of an optical pumping [18, 19] . Since this model assumed a weak light intensity, Nakayama theory is not able to predict coherent effects such as EIT (Electromagnetically Induced Transparency) and EIA (Electromagnetically Induced Absorption). Nevertheless, it is a well-known method for predicting the line profile of the absorption spectrum of an optical pumping, a polarization spectroscopy, and a dichroism in weak intensity regimes [20] . In the Nakayama scheme, two laser beams are typically considered. The first laser, called the pumping beam, redistributes atom population in magnetic sublevels after an interaction with the atoms. The second beam, called the probe beam, is used to obtain a spectrum by measuring its susceptibility in the redistributed atom medium. Figure 1 shows the diagram for one of the schemes for our velocity selective polarization spectroscopy (VSPS) where the pumping beam is frequency locked on the 5S 1/2 ( = 2) → 5P 3/2 ( = 3) resonance of the 87 Rb atom transition and the frequency of the probe beam is swept over the range of 5S 1/2 ( = 2) → 5P 3/2 transition. From the atomic frame, there are three velocity groups that see the pumping beam resonant due to the Doppler effect in horizontal line in Figure 1 . For probe beam, the resonant signals in the velocityfrequency regime are described with diagonal lines as shown by the red dashed line in Figure 1 [17] . Velocity selective absorption peaks are observed at the point of intersections in 
where 2 is the transition strength [20] for = 2 → = transition, is the detuning from = 2 → = 3 transition to = 2 → = and = √2 / . is the line shape function given by
where 0 is the normalized beam intensity relative to the saturation intensity. Each term in the right side of (1) represents the case of zero, V 1 and V 2 velocity component. , where 0 is the wave number of the probe laser in vacuum and is the length of atom vapor sample. To measure the rotation of probe beam's polarization, we put a half wave plate and a polarization beam splitter in front of two detectors. We can set the difference between two detectors to zero by rotating the half wave plate without the pumping beam. Then, we can measure the rotation of the probe field due to birefringence after passing through the atom sample. The probe and the pump laser beams are slightly misaligned in order to avoid fluctuation by feedback to the laser cavity. Figure 3 shows the experimental VSPS and theoretical curve from (1) for the laser frequency configuration in Figure  1 . It is clear that the crossover peaks are shifted away. In a conventional polarization spectroscopy, a pumping beam and a counterpropagating probe beam come from the same laser, so they always have the same frequency in the laboratory frame. When two frequencies in the atomic frame are resonant with other transitions due to the Doppler effect, the crossover peak is observed in the middle of the two resonant frequencies. With two lasers prepared independently, however, the crossover can be shifted away and velocity selective signals appear. Even though both the crossover and the velocity selective signal are based on Doppler effect, the key points of the velocity selective signal are that it is possible to shift the crossover peak and change the peak position by changing pumping beam's locking frequency. Moving the crossover peak position away enhances the signal sensitivity [17] . It is also worthy to note that VSPS gives us a signal similar to a cold atom [21] .
Experimental Setup and Result
The signal sensitivity for the transition 5S 1/2 ( = 2) → 5P 3/2 ( = 1) is relatively low due to its low transition strength for conventional polarization spectroscopy, 0.03 times of 5S 1/2 ( = 2) → 5P 3/2 ( = 3) transition for 87 Rb [20] . However, in the VSPS scheme, the contribution of the moving atom marked as "f " in Figures 1 and 3 increases the signal sensitivity so that a comparable size with the strongest transition was shown in Figure 3 , theoretically and experimentally. The signal of "d" in theoretical spectrum was not observed because of the scan limit of probe beam's frequency in our laser system. Figure 4 shows how the VSPS changes as frequency of the pumping beam was changed. Pumping beam is locked on the crossover peak between 5S 1/2 ( = 2) → 5P 3/2 ( = 3) and The slope of the experimental VSPS signals matches well with the Nakayama theory. It means that we are not in the strong field regime which can induce coherence effect like EIT or EIA even though there are V and I type configurations.
Conclusion
We were able to obtain the dispersion spectra without the frequency modulation by using a polarization spectroscopy using two independent laser sources in an 87 Rb vapor cell. The velocity selective polarization spectra were obtained on the detuned frequencies which related the frequency difference between atomic resonances as the pumping beam's frequency. Since crossover peaks were also moved away from the around of principle signals, we were able to increase the sensitivity of principle peak's signal. Furthermore, the low signal size of the weak transition for instance 5S 1/2 ( = 2) → 5P 3/2 ( = 1) can be increased by adding a moving atom effect along the beam's propagating direction. The technique of the velocity selective polarization spectroscopy is useful to obtain the modulation-free dispersion signals at detuned frequencies from atomic resonance for laser frequency locking. Also it gives us spectra such as the signals from a Doppler-free cold atom medium.
